RESULTS: In this study, two cDNAs, CpGSTd1 and CpGSTd2, encoding glutathione S-transferase (GST) were cloned from Cx. pipiens Marin. Phylogenetic analysis of the deduced amino acid sequences, CpGSTD1 and CpGSTD2, of these genes indicated that they belong to the Delta class of insect GSTs. The nucleotide and deduced amino acid sequences of CpGSTd1 and CpGSTd2 were 59 and 48% identical respectively. CpGSTD1 and CpGSTD2 were expressed in Escherichia coli and purified by affinity chromatography. The recombinant GSTs exhibited unique selectivity towards the general GST substrates 1-chloro-2,4-dinitrobenzene (CDNB) and 1,2-dichloro-4-nitrobenzene (DCNB), and also differed in their sensitivity to known inhibitors of GSTs. CpGSTD1 exhibited peroxidase activity with cumene hydroperoxide, while CpGSTD2 appeared to lack this activity. CpGSTD1 was able to metabolize 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT), while DDT metabolism by CpGSTD2 was not detectable. CpGSTD1 and CpGSTD2 showed no detectable metabolism of permethrin. Gene expression of CpGSTd1 and CpGSTd2 in Marin mosquitoes was elevated about twofold in comparison with that found in a pyrethroid-sensitive mosquito strain.
INTRODUCTION
Members of the glutathione S-transferase (GST; EC 2.5.1.18) family of detoxification enzymes catalyze the conjugation of the tripeptide glutathione (GSH) to electrophilic centers of non-polar compounds, making them more water soluble and thus easier to excrete from cells. 1, 2 GSTs are ubiquitous in both prokaryotes and eukaryotes, and play central roles in the detoxification of endogenous and xenobiotic compounds including drugs, herbicides and insecticides. GSTs are also involved in the biosynthesis and intracellular transport of hormones and protection against oxidative stress. 2, 3 In insects, the majority of GSTs are cytosolic dimeric enzymes, organized into six classes (Delta, Epsilon, Sigma, Theta, Omega and Zeta) on the basis of their sequence similarity, chromosomal location and immunological properties. 4 Generally, GSTs with greater than 40% sequence identity are grouped in the same class.
GSTs from the insect-specific Delta and Epsilon GST classes are associated with resistance to organophosphate insecticides through dearylation or dealkylation reactions, 5, 6 and organochlorine insecticides through dehydrochlorinase activity. 7 -9 Elevated GST activity and increased gst gene expression levels are reported in pyrethroid-resistant insects including mosquitoes. 10 Exposure to the pyrethroid deltamethrin can also increase or even decrease (depending on concentration) gst gene expression levels in locusts. 11 GSTs, however, have not been shown directly to metabolize pyrethroid insecticides. In pyrethroid-resistant brown planthoppers, Nilaparvata lugens, elevated GST activity protects against lipid peroxidation and other oxidative stresses that are induced by pyrethroid exposure. 12 Insect GSTs may also function as binding proteins that sequester pyrethroids until they are metabolized by other detoxification enzymes such as carboxylesterases or P450 oxidases. 13, 14 Mosquitoes in the Culex pipiens complex are vectors of multiple human pathogens including West Nile virus, 15 St Louis encephalitis virus, 16 Rift Valley fever virus 17 and Wuchereria bancrofti, 18 as well as zoonotic pathogens including dog heartworm 19 and avian malaria. 20 The ability to reduce the incidence of diseases vectored by Culex relies primarily on the ability to control them by habitat reduction and the use of biological and chemical insecticides. 21 Monitoring and managing resistance to chemical insecticides is a critical component in programs to maintain effective control of these disease vectors. Resistance to organochlorines, 22 organophosphates 23, 24 and, more recently, pyrethroids is documented in Cx. pipiens sensu lato. 25 -27 Target-site insensitivity and increased metabolic activity by detoxification enzymes (e.g. GSTs, carboxylesterases and P450s) are key mechanisms of insecticide resistance. 28, 29 A clear understanding of the biochemical properties and expression profiles of detoxification enzymes such as GSTs is essential for understanding the roles that detoxification enzymes play in conferring resistance. In the case of GSTs, the presence of multiple cytosolic isozymes with similar physical and biochemical properties and overlapping substrate selectivity makes it difficult to purify individual GSTs on the basis of biophysical techniques. A useful alternative is cDNA cloning, followed by recombinant protein expression and subsequent biochemical characterization of the individual recombinant GSTs. In this study, two GST-encoding cDNAs were cloned from pyrethroid-resistant Cx. pipiens using degenerate PCR primers that targeted the conserved glutathione-binding motif of GSTs. Two recombinant GSTs, CpGSTD1 and CpGSTD2, were expressed in Escherichia coli, purified and characterized. In order to decipher their potential role(s) in insecticide resistance, the ability of CpGSTD1 and CpGSTD2 to metabolize permethrin and 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) was analyzed. The expression levels of CpGSTd1 and CpGSTd2 transcripts in permethrin-resistant (i.e. Marin) and permethrin-susceptible (i.e. CQ1) strains of Cx. pipiens were also compared. The findings suggested that CpGSTd1 and CpGSTd2 encode two Delta-class GSTs with unique biochemical characteristics. CpGSTD1 and CpGSTD2, however, appeared not to play major roles in permethrin resistance in Marin mosquitoes.
EXPERIMENTAL METHODS
2.1 Chemicals 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane (DDT), 1,1-dichloro-2,2-bis(4-chlorophenyl)ethane (DDE), 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene (DCNB), cumene hydroperoxide (CMHP), ethacrynic acid (EA) and S-hexylglutathione were purchased from Sigma-Aldrich Life Sciences (St Louis, MO). Permethrin and lambda-cyhalothrin were purchased from Chem Service (West Chester, PA). The reduced form of GSH was purchased from Fisher Scientific (Tustin, CA). Chalcone and 4-hydroxychalcone were purchased from Acros Organics (Geel, Belgium) and Fairfield Chemical (Blythewood, SC) respectively. Bivalent inhibitor 30 was a generous gift from Dr WM Atkins, Department of Medicinal Chemistry, University of Washington, Seattle, WA.
Mosquito colony and maintenance
A permethrin-tolerant population of Cx. pipiens was originally collected in California (Marin County, San Rafael) in May 2001. 26 This population was used to establish a permethrin-resistant colony named Cx. pipiens var. molestus Marin by repeated exposure to permethrin (approximately an LC 50 dose) as larvae at every five generations. In addition to permethrin resistance, the Marin colony exhibits resistance to DDT and lambda-cyhalothrin. 26 An insecticide-susceptible population of Cx. quinquefasciatus, named CQ1, was originally collected in Merced County, California, in the 1950s and subsequently maintained in the laboratory. Both Marin and CQ1 mosquitoes were reared under standard conditions with a 14 : 10 light : dark cycle and a constant temperature of 27
• C. The larvae were fed a diet of liver powder and ground rodent chow (LabDiet 5001; PMI Nutrition International, Brentwood, MO). Adults were provided constant access to a 10% (w : w) solution of sucrose.
Molecular cloning of CpGSTd1 and CpGSTd2
Total RNA was isolated from 100 fourth-instar Marin larvae at generation 78 following field collection (see McAbee et al. 26 ) using an RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The permethrin resistance ratio of the Marin strain was not determined at generation 78. However, at generation 57 the Marin strain showed a resistance ratio of 126 when compared with the CQ1 strain (comparison of LC 90 values), and the authors believe that a similar resistance ratio was maintained at generation 78. Messenger RNA (mRNA) was isolated from total RNAs using a Nucleotrap Midi kit (Clontech, Mountain View, CA) according to the manufacturer's instructions. First-strand cDNAs were generated from 1 µg of mRNA using MMLV reverse transcriptase (Clontech). Two degenerate primers, GSTi and GSTv (Table 1) , corresponding to the conserved glutathione-binding domain, were designed following ClustalW alignment 31 of known GST sequences from Anopheles gambiae 32 and Drosophila melanogaster. 33 The GSTi and GSTv primers were used for 3 -RACE (Clontech) using KOD HotStart Polymerase (Promega, Madison,WI), which generated roughly 600 nts of sequence that corresponded to the 3 ends and 3 untranslated regions (UTRs) of two potential GSTs. These sequences were used to design two gene-specific primers, GST3prime1 and GST3prime2 (Table 1) , for 5 -RACE to generate sequences corresponding to the 5 UTRs and 5 ends of the two putative GSTs. The full-length coding sequences of the two putative GSTs were amplified using the primer pairs GST1F/GST1R and GST2F/GST2R (Table 1) . These primer pairs incorporated HindIII restriction endonuclease sites at the ends of the putative GSTs for cloning into a bacterial expression vector as described below. The amplicons were inserted into the cloning vector pCR2.1-TOPO (Invitrogen, Carlsbad, CA), and the sequences of the inserts were confirmed in both directions. Analysis of the deduced amino acid sequences of the inserts by BLAST 34 indicated that they were likely Delta-class GSTs, and thus the coding sequences were named CpGSTd1 and CpGSTd2.
Phylogenetic analysis of CpGSTd1 and CpGSTd2
The deduced amino acid sequences of CpGSTd1 and CpGSTd2 were aligned with GST sequences of An. gambiae 32 using the ClustalW program. 31 The alignment was then used to construct a phylogenetic tree by the neighbor-joining algorithm provided in the MEGA4 software package. 35 
Bacterial expression and purification of recombinant CpGSTD1 and CpGSTD2
Functionally active insect GSTs have been commonly expressed using bacterial expression systems. 14, 36, 37 In order to express recombinant proteins encoded by CpGSTd1 and CpGSTd2, these sequences were excised by HindIII digestion from the pCR2.1-TOPO vector containing these sequences (see above) and ligated into the HindIII site of the bacterial expression vector pLP-PROTet6xHN (Clontech). These constructs placed the coding sequences under the tight regulation of the anhydrotetracycline-inducible P L promoter and expressed a recombinant protein with an N-terminal histidine tag. (Clontech) for recombinant protein expression. Transformed BL21 Pro cells (250 culture volume) were grown in Luria broth (LB) medium as recommended by the manufacturer (Clontech) until an OD 600 of 0.6 was reached. At this point, anhydrotetracycline was added to the culture (final concentration 100 ng mL −1 ) to induce expression of the recombinant GST, and the culture was grown for another 4 h. BL21 Pro cells expressing CpGSTD1 or CpGSTD2 were precipitated by centrifugation for 20 min at 3000 × g. Following centrifugation, the supernatant was discarded and the pellet was resuspended in 10 mL of BugBuster reagent (EMD Biosciences, San Diego, CA) and incubated for 10 min at room temperature. The mixture was then centrifuged for 20 min at 8600 × g, and the supernatant was transferred to a new centrifuge tube. The supernatant was then diluted 1 : 1 with TALON equilibration and wash buffer (Clontech) containing 5 mM imidazole. This solution was loaded onto a column containing 1 mL of prewashed and equilibrated TALON Metal Affinity Resin (Clontech). Following protein loading, the column was washed first with 10 mL of TALON equilibration and wash buffer, containing 10 mM imidazole, and then with 10 mL of TALON equilibration and wash buffer containing 25 mM imidazole. Finally, the bound proteins were eluted with 10 mL of TALON equilibration and wash buffer containing 150 mM imidazole. The elutant was desalted and simultaneously concentrated into 0.1 M sodium phosphate buffer, pH 6.5, using a 10 kD cut-off Centricon filter (Millipore, Billerica, MA).
Biochemical characterization of CpGSTD1 and CpGSTD2
GST activity was measured as described previously 38 using the general GST substrates CDNB or DCNB with reduced GSH serving as cosubstrate in clear 96-well plates. Stock solutions of CDNB and DCNB were prepared in ethanol, while reduced GSH was dissolved in 0.1 M sodium phosphate buffer. Each 300 µL reaction contained 100 ng of CpGSTD1 or 140 ng of CpGSTD2, 1 mM CDNB or DCNB, 5 mM reduced GSH and 1.67% (v : v) ethanol in 0.1 M sodium phosphate buffer. Protein concentrations were determined with Bradford's reagent (Bio-Rad, Hercules, CA) using bovine serum albumin (BSA) as a standard. Following a 5 min preincubation, the enzyme reaction was initiated by the addition of CDNB or DCNB and reduced GSH to each well. The conjugation of GSH with CDNB or DCNB was measured at 15 s intervals at a wavelength of 340 nm (A340) for 5 min using a Spectra Max M2 spectrophotometer (Molecular Devices, Sunnyvale, CA). Wells containing substrate (CDNB or DCNB and reduced GSH) in buffer but no enzyme served as reference blanks. The effect of pH on GST activity was determined at 30
• C in 0.1 M sodium phosphate buffer, pH 5.5 to pH 8.0 at 0.5 pH unit intervals. The effect of temperature on GST activity was determined in 0.1 M sodium phosphate buffer, pH 6.5 for CpGSTD1 and pH 7.5 for CpGSTD2, and incubation temperatures from 24 to 44 • C at 2 • C intervals. All of the assays using CDNB or DCNB as substrates were performed in quadruplicate and repeated 3 times. The kinetic constants of CpGSTd1 and CpGSTd2 were determined using varying concentrations (7.8-750 µM) of CDNB or DCNB and a fixed concentration (5 mM) of reduced GSH at 30
• C in 0.1 M sodium phosphate buffer (pH 6.5 for CpGSTD1 and pH 7.5 for CpGSTD2). In addition, varying concentrations of reduced GSH (39 µM to 5 mM) were used while keeping a constant concentration (750 µM) of CDNB. The assays were performed with 100 ng of CpGSTD1 or 140 ng of CpGSTD2. The kinetic constants were determined by linear regression using SigmaPlot software (Systat Software Inc., San Jose, CA). The ability of chalcone, 4-hydroxychalcone, EA, bivalent inhibitor and S-hexylglutathione to inhibit CpGSTD1 and CpGSTD2 was determined using CDNB (125 µM) and reduced GSH (5 mM) as substrates at 30
• C in 0.1 M sodium phosphate buffer (pH 6.5 for CpGSTD1 and pH 7.5 for CpGSTD2). The inhibitors were preincubated with CpGSTD1 (100 ng) or CpGSTD2 (140 ng) for 5 min at 30
• C prior to the addition of CDNB. The conjugation of GSH with CDNB was measured at 15 s intervals at A340 for 5 min as described above. All of the inhibitors except Shexylglutathione were dissolved in dimethyl sulfoxide (DMSO) to give a final concentration of 1% (v : v) DMSO. S-Hexylglutathione was dissolved in 0.1 M sodium phosphate buffer, pH 9.0. The half maximal inhibitory concentration (IC 50 ) was determined using a range of concentrations (100 nM to 100 µM for chalcone and 4-hydroxychalcone, 3 nM to 30 µM for EA, 1 nM to 16 µM for bivalent inhibitor and 16 µM to 4 mM for S-hexylglutathione) that included at least four concentrations above and four concentrations below the apparent IC 50 .
wileyonlinelibrary.com/journal/ps 2.7 Peroxidase activity assay Peroxidase activity of CpGSTD1 and CpGSTD2 was measured generally as described previously 12 in 96-well plates in a 200 µL reaction containing CpGSTD1 (1.4 µg) or CpGSTD2 (2.0 µg), varying concentrations (0.125-1.0 mM) of CMHP, 0.5 units of glutathione reductase (GSR; Sigma-Aldrich), 7.5 mM reduced GSH, 0.5 mM NADPH (Sigma-Aldrich) and 1% (v : v) ethanol in 0.1 M sodium phosphate buffer (pH 6.5 for CpGSTD1 and pH 7.5 for CpGSTD2). Stock solutions of CMHP were prepared in ethanol. For each assay, CpGSTD1 or CpGSTD2, GSR, reduced GSH and NADPH were preincubated for 5 min at 25
• C prior to the addition of CMHP. The oxidation of NADPH (resulting in a decrease in absorbance) was measured at 15 s intervals at A340 for 5 min as described above. Wells lacking enzyme (CpGSTD1 or CpGSTD2) but containing all of the substrates served as blanks. The assays were performed in quadruplicate and repeated 3 times.
DDT dehydrochlorination assay
Dehydrochlorinase activity of CpGSTD1 and CpGSTD2 was determined generally as described previously 7 
Permethrin metabolism assay
The ability of CpGSTD1 and CpGSTD2 to metabolize permethrin was determined as generally described elsewhere 39, 40 in a 500 µL reaction containing 1 µM permethrin, CpGSTD1 (40 or 60 µg) or CpGSTD2 (40 or 60 µg), 15 mM reduced GSH and 1% (v : v) ethanol in 0.1 M sodium phosphate buffer (pH 6.5 for CpGSTD1 and pH 7.5 for CpGSTD2). Reactions containing heat-inactivated (30 min at 70
• C) CpGSTD1 or CpGSTD2 or BSA served as negative controls. Each reaction was run in triplicate in individual glass tubes (10 × 75 mm) and allowed to proceed for 2 h at 30
• C with shaking. After the 2 h incubation, lambda-cyhalothrin was added to the reaction mixture to a final concentration of 1 µM to serve as an internal standard. The mixture was then extracted twice with 500 µL of MTBE as described above. Following HPLC separation as described above, the area under the curve of the cis-permethrin, transpermethrin and lambda-cyhalothrin peaks was determined. The decrease in area of cis-and trans-permethrin peaks relative to the lambda-cyhalothrin peak was taken to indicate the metabolism or sequestration of permethrin by the GSTs.
Semi-quantitative PCR
Semi-quantitative PCR was used to determine the expression levels of CpGSTd1 and CpGSTd2 in fourth-instar larvae and oneday-old adults of Marin and CQ1 mosquitoes. Total RNA was isolated from a pool of 50 larvae or 50 adults using Trizol reagent (Invitrogen) according to the manufacturer's instructions. Next, mRNAs were isolated from total RNAs with oligo-dT cellulose using Fast Track 2.0 kit (Invitrogen) according to the manufacturer's protocol. The mRNAs (1.0 µg) were used as templates for the generation of first-strand cDNAs as described above. Primer pairs (Table 1) 
RESULTS AND DISCUSSION

Molecular cloning and phylogenetic analysis of CpGSTd1 and CpGSTd2
A major aim of this study was to determine whether permethrin resistance in Cx. pipiens could be attributed to qualitative or quantitative changes in one or more GST isozymes. At the time this study was undertaken, the genome sequence of Cx. quinquefasciatus was unavailable and GST-encoding gene sequences from Culex were still uncharacterized. Thus, a shotgun approach based on 3 -and 5 -RACE was taken to identify gst cDNAs, using two degenerate primers, GSTi and GSTv, that were designed to bind the GSH-binding motif of GSTs. 41 Unfortunately, this strategy only generated two GST-encoding sequences, CpGSTd1 (GenBank JN251103) and CpGSTd2 (GenBank JH251104), from Marin mosquitoes. CpGSTd1 and CpGSTd2 encoded proteins of 212 and 215 amino acid residues that were predicted to belong to the Delta GST class. The 5 -and 3 -UTRs of CpGSTd1 were 96 and 118 nts long respectively. A putative polyadenylation sequence (AATAAA) was found 66 nts downstream of the stop codon TGA. Similarly, the 5 -and 3 -UTRs of CpGSTd2 were 77 and 57 nts long respectively, and a putative polyadenylation sequence was found 12 nts downstream of the stop codon TAA. The nucleotide and deduced amino acid sequences of CpGSTd1 and CpGSTd2 showed 59 and 48% identity respectively. Phylogenetic analyses clustered CpGSTD1 and CpGSTD2 in the same clade within Delta-class GSTs from An. gambiae (Fig. 1) . CpGSTD1 showed 34% (with AgGSTD10) to 84% (with AgGSTD1-6) identity with Delta-class GSTs from An. gambiae. CpGSTD2 also showed the lowest (34%) identity with AgGSTD10 and 57% identity with AgGSTD11. Homologs of AgGSTD1-6 36 have been identified in Anopheles dirus 14 and Cx. quinquefasciatus. 42 Genome analyses of An. gambiae 32 GSTs from Anopheles gambiae. 32 The deduced amino acid sequences of CpGSTD1 and CpGSTD2 were aligned with amino acid sequences of GSTs from An. gambiae using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2). The alignment was then used to construct a phylogenetic tree by the neighbor-joining method using the MEGA4 software package. 35 Bootstrap values from a set of 500 replicates are listed at the nodes.
Enzyme kinetic characterization of CpGSTD1 and CpGSTD2
CpGSTD1 and CpGSTD2 were affinity purified using a histidine tag binding column and initially characterized with the colorimetric substrates CDNB and DCNB. CpGSTD1 turned over CDNB about 230-fold faster than DCNB, whereas CpGSTD2 turned over CDNB about 18-fold faster than DCNB (Table 2) . CpGSTD1 turned over CDNB about threefold faster than CpGSTD2. The catalytic efficiency or specificity (k cat /K M ) of both CpGSTD1 and CpGSTD2 was at least 100-fold higher with CDNB than with DCNB. CpGSTD1 showed the highest activity for CDNB at pH 6.5 and 7.0, with significant reductions in activity at pH 5.5 and 8.0 (Fig. 2) . CpGSTD2 showed the highest activity for DCNB at pH 7.5 (Fig. 2) . Both CpGSTD1 and CpGSTD2 showed a wide range of thermal stability (Fig. 3) . CpGSTD1 showed approximately 30% higher activity at 40
• C than at 24
• C. The kinetic parameters of CpGSTD1 and CpGSTD2 were similar to Delta-class GSTs from An. dirus, 14 An. gambiae 36 and D. melanogaster. 37 For example, the catalytic efficiency ratios (i.e. k cat /K M ) of CpGSTD1, AgGSTD1-6 36 and AdGSTD1-1 14 for CDNB were 1.7 × 10 5 , 7.9 × 10 5 and 4.8 × 10 4 M −1 s −1 respectively. In some insects, GST isozymes that function as Se-independent peroxidases are believed to aid in cellular antioxidant defense by reducing organic hydroperoxides within membranes and lipoproteins. 44 Similarly, in pyrethroid-resistant brown planthoppers, elevated GST levels reduce mortality by limiting pyrethroid-induced lipid peroxidation. 12 The role of GSTs as antioxidants that aid in insecticide resistance, however, has not been established in mosquitoes. CpGSTD1 and CpGSTD2 showed dramatic differences in their ability to metabolize CMHP. CpGSTD1 reduced CMHP at a rate of 1.6 µmol min −1 mg −1 , Table 2 . Enzyme kinetic properties of CpGSTD1 and CpGSTD2
CpGSTD1
CpGSTD2
1 .7 × 10 5 4.7 × 10 2 2.3 × 10 5 1.7 × 10 3 a n.d.: not determined.
wileyonlinelibrary.com/journal/ps whereas CpGSTD2 showed no detectable activity towards CMHP under conditions where a rate of at least 0.1 µmol min −1 mg −1 could be detected with CpGSTD1. Recombinant Delta-class GSTs from An. gambiae (e.g. AgGSTD1-5 and AgGSTD1-6) 36 and D. melanogaster (e.g. DmGSTD1 and DmGSTD21) 45 also show peroxidase activity (0.13-0.98 µmol min −1 mg −1 range) against CMHP. These findings suggest that some Delta-class GSTs may play a role in cellular antioxidative defense against oxidative damage induced by DDT or pyrethroids.
Homologs of CpGSTD1 that are found in An. gambiae 36 and An. dirus 14 are able to dehydrochlorinate DDT to DDE at a rate of 4-8 nmol mg −1 protein over an incubation period of 2 h. Similarly, HPLC analysis showed that CpGSTD1 metabolized DDT to DDE at a rate of 6.4±0.6 nmol mg −1 protein over a period of 2 h. In contrast to these Delta-class GSTs, recombinant Epsilon-class GSTs from An. gambiae 46 and Ae. aegypti 8 dehydrochlorinate DDT at roughly 400-600-fold greater rates, suggesting that, in mosquitoes, Deltaclass GSTs do not play a significant role in the dehydrochlorination of DDT to DDE. Delta-class GSTs, however, may play roles in binding to DDT prior to metabolism by Epsilon-class GSTs or other detoxification enzymes. 13, 14 In contrast to CpGSTD1, CpGSTD2 showed no metabolism of DDT under conditions where a rate of at least 0.1-1 nmol of DDE formed per mg of CpGSTD1 over a period of 2 h could be detected.
Although elevated GST activity and gene expression levels are found in pyrethroid-resistant insects, there is no direct evidence to show that GSTs directly metabolize pyrethroids. The present HPLC analyses indicated that neither CpGSTD1 nor CpGSTD2 were able to metabolize permethrin. Specifically, no difference was found in the area under the curve of peaks corresponding to cis-and transpermethrin (relative to the lambda-cyhalothrin internal standard) following 2 h incubation with CpGSTD1 or CpGSTD2 in comparison with incubation under identical conditions with heat-inactivated CpGSTD1 or CpGSTD2, respectively, or BSA (Table 3) . Interestingly, however, in a related study by the authors' laboratory (Huang et al., manuscript in preparation), it was found that CpGSTD1 was able to metabolize fluorescent permethrin-like substrates (both cis-and trans-isomers) at rates of up to 150 nmol min −1 mg −1 . A chemical mechanism involving a GST-catalyzed thiolysis reaction is proposed in this reaction. 
Inhibition of CpGSTD1 and CpGSTD2
The ability of known GST inhibitors and novel compounds to inhibit CpGSTD1 and CpGSTD2 was analyzed using CDNB and reduced GSH as substrates. Chalcone and 4-hydroxychalcone showed IC 50 values in the low µM range against both CpGSTD1 and CpGSTD2 (Table 4 ). Similarly, chalcone shows relatively poor inhibition of GST-2 and GST-1b of Aedes aegypti (IC 50 of 165 and 166 µM respectively). 38 In contrast to chalcone and 4-hydroxychalcone, EA and its derivative bivalent inhibitor showed more than 100-fold greater potency against CpGSTD1 (IC 50 of 110 and 20 nM respectively) ( Table 4) . On the other hand, CpGSTD2 was relatively poorly inhibited by EA and bivalent inhibitor (IC 50 of 2.5 and 2.4 µM respectively) ( Table 4) . Chalcone, EA and their derivatives have a ketone moiety that forms a conjugate with GSH through a GST-catalyzed Michael addition reaction. 47 This reaction is thermodynamically more favorable than the conjugation of CDNB to GSH via an addition-substitution reaction. 47 Thus, chalcone, EA and their derivatives can function to deplete GSH. In addition, Miyamoto et al. 48, 49 found not only that some chalcone derivatives deplete GSH but also that the resulting conjugate can inhibit mammalian GSTs by mechanisms that involve substrate competition and competitive inhibition. S-Hexylglutathione is another class of GST inhibitor that occupies the G-site of GSTs, thus preventing the binding of GSH. 50 S-Hexylglutathione was a good inhibitor of CpGSTD2 (IC 50 of 240 nM) but a dramatically less potent inhibitor of CpGSTD1 (Table 4) . Although the amino acid sequence comparisons indicated that both CpGSTD1 and CpGSTD2 are Delta-class GSTs, these GSTs showed unique inhibition profiles, suggesting that their substrate preferences may also be unique. that in CQ1 mosquitoes, whereas the expression of CpGSTd2 was 1.8 ± 0.1-and 2.5 ± 0.4-fold higher in larvae and adults, respectively, of Marin mosquitoes (Fig. 4) . Similarly, increased expression rates (3.88-and 2.36-fold higher) of an Epsilon-class GST (AgGSTe2) were found in An. gambiae that were permethrin and DDT resistant respectively. 10 In contrast to these findings, microarray analysis showed no difference in GSTd1 expression between DDT-resistant JPal-per and DDT-susceptible Ogasawara strains of Cx. quinquefasciatus. 42 In addition, the expression of CpGSTd1 in both larvae and adults of Marin mosquitoes appeared to be significantly higher than that of CpGSTd2, as suggested by the lower number of PCR cycles (roughly 20 cycles versus 30 cycles) that were required clearly to amplify the CpGSTd1 target.
Gene expression of
CONCLUSIONS
A major goal of this study was to determine whether overexpressed GSTs from insecticide-resistant Cx. pipiens play qualitative or quantitative roles in pyrethroid resistance. To achieve this goal, CpGSTD1 and CpGSTD2 were cloned and expressed from pyrethroid-resistant Marin larvae. CpGSTD1 and CpGSTD2 appeared to belong to the Delta GST class on the basis of their deduced amino acid sequences. The kinetic properties of CpGSTD1 with CDNB and DCNB were similar to other known Delta-class mosquito GSTs. CpGSTD1 was able to dehydrochlorinate DDT and metabolize CMHP at rates that were similar to those of other Deltaclass GSTs from mosquitoes and fruit fly. CpGSTD1 and CpGSTD2 showed unique inhibition profiles. HPLC analysis indicated that CpGSTD1 and CpGSTD2 were unable to metabolize or sequester permethrin. Taken together, these findings suggest that Deltaclass GSTs do not play a major direct role in permethrin resistance in Culex. . Semi-quantitative PCR analysis of the expression of CpGSTd1 (A) and CpGSTd2 (B) in larvae and adults of Marin (pyrethroid-resistant) and CQ1 (pyrethroid-susceptible) mosquitoes. The template for the semiquantitative PCR was first-strand cDNA (0.8 µg) that was generated from total RNA isolated from fourth-instar larvae or adults of Marin (columns 1 and 3) or CQ1 (columns 2 and 4) mosquitoes. The semi-quantitative PCR was performed using primers that amplified 500 bp long regions of CpGSTd1 (columns 1 and 2 in A), CpGSTd2 (columns 1 and 2 in B) and the internal standard RPS7 (columns 3 and 4 in both A and B). The number of PCR cycles that were used for amplification is shown to the right of each panel. The PCR reaction was repeated 3 times for each primer pair; the figure shows an example of typical results.
the National Institute of Environmental Health Sciences (R01 ES002710) to BD Hammock. BD Hammock is a senior fellow of the American Asthma Society.
